Highly p-doped regions in multicrystalline silicon solar cells, such as the back surface field region, are analyzed by means of small angle beveling and micro-Raman spectroscopy. Small angle beveling and subsequent Secco etching are used to enhance the lateral resolution of the micro-Raman spectroscopic measurements and to investigate the microstructure of the back surface field region in detail. The position-dependent analysis of the free carrier concentrations within the back surface field region is based on the Raman specific Fano resonances. The Raman spectroscopic measurement results are compared to results obtained from electrochemical capacitance-voltage measurements, which allows a subsequent calibration of the Raman data for the quantitative analysis of the free carrier concentrations within the highly p-doped regions of silicon solar cells and other devices. Our investigations show that the free carrier as well as the dopant concentration profiles within the back surface field region exhibit a nearly step-functional shape instead of the extended gradient shape which the electrochemical capacitance-voltage measurements suggest. Moreover, we show that the shape of the back surface field is often influenced by grain boundaries and other defects that occur in multicrystalline silicon wafers.
I. INTRODUCTION
Highly doped regions in silicon solar cells, such as the emitter or the back surface field ͑BSF͒ region, are essential for the proper and effective operation of solar cells. While the n-doped emitter region is usually produced by dopant ͑phosphor͒ diffusion from the gas phase, the highly p-doped BSF is generated by alloying silicon with aluminum from an Al paste ͑which often contains also some boron͒ at the back surface of a silicon solar cell. [1] [2] [3] This alloying process results in a few micrometers thick silicon layer where roughly ϳ1 / 1000 atoms consist of aluminum. [4] [5] [6] Up until now, the exact free carrier concentrations and gradients within the BSFs are mainly measured by the electrochemical capacitance-voltage ͑ECV͒ method. [7] [8] [9] A method which measures the free carrier concentrations rather accurately but lacks good lateral resolution as the measurement results are integrated, and therefore averaged, over an area of a few mm 2 at the back surface of the respective silicon solar cell. A method that is capable of directly measuring the concentrations of dopant atoms is secondary ion mass spectroscopy ͑SIMS͒. [10] [11] [12] With SIMS it is possible to perform mappings of dopant atom concentrations with approximately micrometer resolution in two or even three dimensions and to distinguish between the different dopant species. However, SIMS needs high vacuum equipment which makes the method complex and expensive. Another drawback of SIMS is that quantitative measurement results are often difficult to obtain, especially if silicon samples that are highly doped with other dopants than boron are investigated. 13 Another method that measures free carrier concentration gradients instead of absolute values of dopant atom concentrations is the lateral photoscanning method ͑LPS͒. 14 However the lateral resolution of the LPS method is limited to ϳ30 m and therefore not suited to analyze and map free carrier concentration variations within the few micrometers thick BSF regions.
Raman 15 specific Fano resonances combined with small angle beveling enable us to determine the concentration of free holes within the BSF regions and to map the free hole concentration and gradients on an effective length scale of a few 10 nm. In the present article, we will shortly discuss the basic features of Raman specific Fano resonances and then present measurement results which show that the free carrier concentrations within the BSF regions can be qualitatively and quantitatively mapped and analyzed by micro-Raman spectroscopy.
II. THEORY
According to the original articles of Fano, [16] [17] [18] a resonant interaction of a discrete energy level with a continuum of energy levels in a certain system leads to a characteristic Fano-type peak asymmetry which can be observed in spectroscopic experiments of such coupled systems. The authors in Refs. 19-23 explained the occurrence of the Fano-type peak asymmetry of the F 2g ͑Ref. 24͒ Raman peak of highly p-doped silicon with a resonant interaction of the discrete optical phonon ͑phonon Raman scattering͒ state with the continuum of energy levels, corresponding to the hole transitions from filled to empty valence states ͑electronic Raman scattering 25, 26 ͒ due to electron-phonon coupling. The re-quired condition for a resonant Fano-type interaction in this case is that the discrete optical phonon energy level overlaps with the hole transition continuum. According to Fano's general theory, if a system exhibits an energetic continuum of states ͉ E ͘ and a discrete state ͉͘, the corresponding elements of the Hamiltonian matrix can be written as
͑1͒
where the parameter V E simply represents the coupling strength of the discrete state with the continuum of states, H is the Hamilton operator, and ⍀ is the frequency that corresponds to the respective discrete state. The new eigenvector ͉⌿ E ͘ of the coupled system, which now corresponds to the new composite state given by Eq. ͑1͒ then becomes a linear combination of the discrete eigenstate and the continuum of states,
͑2͒
The coefficients a E and b E are functions of the energy. If there is an arbitrary initial state ͉i͘ and a respective dipole transition operator T, the transition probability to the unperturbed continuum ͉ E ͘ becomes ͉͗ E ͉T͉i͉͘ 2 and the transition probability to the new composite state ͉⌿ E ͘ is defined as ͉͗⌿ E ͉T͉i͉͘ 2 . The ratio of the transition probabilities to the new composite state and to the unperturbed continuum then gives the general shape of the measured spectral peaks that are now distorted by the occurring Fano resonances,
indicates the normalized energy or, in the spectroscopic experiments, the normalized wavenumber parameter,
⍀ max is the peak position, which is also slightly shifted by the Fano interaction, and ⌫ describes the linewidth of the peak, where ⌫ = ⌫ 0 + ⌬⌫ with ⌫ 0 as the linewidth in absence of a continuum of states and ⌬⌫ as the symmetric contribution of the Fano interaction to the total linewidth of the peak. The parameter q in Eq. ͑3͒ is frequently called the symmetry parameter and can be expressed as
The state ͉⌽͘ defines the discrete state ͉͘ modified by the additional continuum of states. P means the "principal part of,"
͑6͒
The symmetry parameter q determines the characteristic asymmetric shape of a spectral peak influenced by Fano resonances. The spectral line shape becomes a symmetric Lorentzian if q → ϱ, whereas the higher the value for 1 / q, the more asymmetric the peak becomes. Especially for highly doped silicon, 1 / q becomes roughly proportional to the free carrier concentration. 20, 21, 27 1 / q is positive in case of highly p-doped silicon and negative in case of highly n-doped silicon, whereas the sensitivity of experimentally measurable Fano resonances is much higher in case of p-doped then in case of n-doped silicon.
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III. EXPERIMENTAL
A. Small angle beveling and Nomarski differential interference contrast micrographs
Readily processed, standard multicrystalline ͑mc͒-silicon solar cells, provided with a BSF were cut into pieces, each with an area of a few cm 2 . These pieces were set on wedges with opening angles ␣ ranging from ϳ5°to 10°. The samples residing on the wedges were then embedded in a cylindrical shaped basin with an acrylic resin and a mineral filler ͑Struers DuroFix-2͒. After drying, the embedded samples were first mechanically ͑with 1 4 m finest graduation͒ and then chemically ͑Syton͒ polished. After polishing, all samples were Secco 32 etched for a few 10 s to make the crystal defects ͑random, twin boundaries, dislocations, etc.͒ as well as the BSF region visible. By the small angle beveling process, the length scales of concentration/doping profiles in the solar cell samples are artificially increased in one direction by a stretching factor s͑␣͒, which solely depends on the opening angle ␣. For the stretching factor s͑␣͒, the simple relation holds ͑see Fig. 1͒ d
where d ‫ء‬ is the increased but oblique thickness of the solar cell after the small angle beveling process and d indicates the original thickness.
The small angle beveling process reveals much more details of the BSF shape and its adjacent microstructure then a standard polishing process of the cross section of a silicon solar cell would reveal. On the other hand, small angle beveling introduces also some irritating artifacts, such as island formation within an originally wrinkled but continuous interface ͑see Fig. 1͒ . The highly p-doped BSF region exhibits a different Secco etching rate compared to the rest of the crystal due to the additional Al atoms in the Si-crystal lattice. Therefore, a sharp step of about 100 nm in height ͑depending on the etching time͒ arises in between the highly p-doped BSF region and the usually weakly ͓͑ϳ5 ϫ 10 15 ͒ − ͑2 ϫ 10 16 ͒ cm −3 ͔ boron doped bulk wafer region after Secco etching. This step, as well as the trenches and pitches produced by the grain boundaries and dislocations, become visible in a NDIC ͑Refs. 33 and 34͒ microscope. Figure 2 shows NDIC images of the BSF-bulk wafer interface region, where the resulting stretching factor s͑␣͒ is given in brackets above the scale bars and the stretched direction is indicated by the dotted white arrow.
B. Raman measurements
For the Raman spectroscopic investigations, regions of interest within the small angle beveled samples were chosen and mapping areas were defined. Within the mapping regions, Raman spectra of the threefold degenerate first order optical phonon ͑F 2g ͒ mode of silicon were acquired every 1-3 m in both x-and y-directions. All Raman measurements shown here were performed with the 633 nm emission of a HeNe laser, as the peak asymmetry due to Fano resonances becomes more pronounced when longer excitation wavelengths are used. 20 However, longer excitation wavelengths result in larger spot sizes of the focused laser beam and therefore a reduced spatial resolution of the Raman measurements and mappings. For our measurements, the 633 nm emission of the HeNe laser is a convenient compromise in view of an adequate spatial resolution and a sufficient sensitivity for Fano resonances. The power of the incident laser spot on the sample was ϳ6 mW in all measurements. The laser beam was focused onto the samples by either a 100ϫ objective ͓numerical aperture ͑NA͒ of 0.9͔ or a 50ϫ objective ͑NA 0.75͒ resulting in focused laser spot diameters of ϳ1 and 3 m, respectively. A Jobin Yvon LabRam HR 800 micro-Raman spectrometer was used for all measurements.
To obtain quantitative information about the free carrier concentrations from Raman mappings, the intensity I͑⍀ , q , ⌫ , ⍀ max ͒ of the first order Si-Raman peak should be fitted with a function resulting from Eqs. ͑3͒ and ͑4͒,
where in the experiments, ⍀ simply represents the wavenumber axis ͑in cm −1 ͒ and I 0 is just a scaling factor. If the exact values of the physical important parameters q, ⍀ max , and ⌫ are needed, all Raman spectra of interest should be fitted with Eq. ͑8͒. However, usual Raman mapping regions can easily exceed 10 4 measurement points and to fit 10 4 spectra with iterative fitting routines would take unnecessarily long time. To determine the free carrier concentrations in highly doped regions with sufficient accuracy, mainly the values of the symmetry parameter q are of importance. The symmetry parameter q can be easily and with sufficient accuracy determined from the experimental data by the following procedure.
The integrated intensity of the Raman peak I͑⍀ , q , ⌫ , ⍀ max ͒ from the maximum position ⍀ max up to a larger wavenumber value away from the maximum where the I͑⍀ , q , ⌫ , ⍀ max ͒ curve becomes close to zero ͑in the experiments, 100 cm −1 are sufficient͒ has to be calculated. A minor complication arises, as the maximum position ⍀ max slightly changes with changing q and ⌬⌫ values and is given by 20 ⍀ max = ⍀ 0 + ⌬⌫/2q, ͑9͒
with ⍀ 0 as the Raman peak position of undoped silicon ͑ϳ521 cm −1 ͒. In our experiments, we detect minimum values of q ϳ 20 with corresponding maximum values of ⌬⌫ ϳ 1.5. Therefore, the maximum position ⍀ max exhibits a maximal shift ⌬⍀ max in the highest doped regions within our samples of Ͻ0.05 cm −1 toward higher wavenumbers. Although this slight shift is detectable in the experimental spectra, ignoring it in the evaluation procedure described below introduces only a negligible error in the determination of the symmetry parameter q.
The right intensity integral I R , which contains the asymmetric flank due to Fano resonances in case of high p-doping, is then calculated according to
where the upper integration limit is defined in multiples n of the peak width ⌫. In our experiments, ⌫ lies usually in the range of ϳ3.1-4.4 cm −1 ͑depending on the doping level͒, i.e., we define an average ⌫-value of 3.8 cm −1 . To obtain a FIG. 2. ͑Color͒ Images of the BSF-bulk wafer interface region within a standard mc-silicon solar cell. The images were taken with a NDIC microscope which allows the visualization of the height difference that occurs after Secco etching in between the BSF and the weakly p-doped bulk wafer region. The stretching factor s͑␣͒ is given in brackets above the scale bars and the stretched direction is indicated by the white dotted arrow.
sufficient upper limit of ϳ100 cm −1 away from the maximum, n then has to be set to n ϳ 27. Analogously, the left integrated intensity I L can be defined.
With the total integrated intensity I tot = I R + I L we can now calculate the ratio R͑q , n͒,
which gives the ratio of the intensity of the asymmetric peak portion to the total Raman peak intensity. The lengthy analytical expression for R͑q , n͒ is given in the Appendix. The advantage of the procedure described above is that the ratio function R͑q , n͒ mainly depends on q and only changes slightly with a varying n, whereas the dependencies on all other parameters cancel. The experimental error that is introduced due to the use of an average ⌫-value and the slightly changing peak position ⌬⍀ max with the doping level results in an inaccuracy for the determination of q of ϳ Ϯ 2. All the mappings shown in this article plot the R͑q , n͒ values that are determined by the procedure given above ͑c.f. Fig.  6͒ , where in general, the yellow/red color coding represents high R͑q , n͒-values and small q-values ͑high p-doping levels͒ and the blue/black color coding displays the opposite conditions. Figure 3 shows the R͑q , n =27͒ curve which we use for the determination of the symmetry parameter q from our experimental mapping data.
C. Calibration of the Raman data
Theoretically, it is possible to determine the free carrier concentration levels in silicon from the q-parameter directly. However it has been shown in literature 20 that the theoretically calculated free carrier concentrations can deviate from the experimentally determined ones by about a factor of ϳ5 due to the necessary simplifications in the theoretical calculations. Therefore, it is preferable to use data obtained from ECV free carrier concentration level measurements to calibrate the Raman data. The q-parameters as well as the free carrier concentration levels that are obtained from an analysis of the Raman peaks are calibrated in the following way:
The free hole concentration profiles within the BSF region of a standard mc-silicon solar cell were first measured with the ECV method. Then a piece of the same solar cell was small angle beveled and Secco etched in the way described above. The BSF region was then analyzed by Raman spectroscopy. Figure 4 shows the free hole concentration profile of our calibration sample obtained from the ECV measurement.
There are several features in the free hole concentration profiles obtained from the ECV measurements that are worth mentioning. First, at a low depth of the highly p-doped BSF region ͑i.e., close to the Al rich phase of the Si-Al eutectic 4 ,5 ͒, a steep concentration maximum arises with a free hole concentration of ϳ1.8ϫ 10 19 cm −3 in case of our calibration sample. The origin of this maximum is still under debate. At a depth of ϳ0.5-1 m follows a local minimum of the free hole concentration with ϳ3 ϫ 10 18 cm −3 . A broad maximum is reached at about 4 -5 m BSF depth. Then follows a smooth decay of the free hole concentration level. The decay length can easily exceed ϳ5 m. It has to be emphasized that this smooth decay is a pure measurement artifact of the free carrier profile measurements with the ECV method and occurs as the ECV method measures free carrier concentrations within an area of a few mm 2 , which means that all the micrometer-sized, wrinkled features ͑cf. Fig. 2͒ within the respective BSF region are averaged out over a depth of a few micrometers, leading to the measured smooth concentration gradient. The Secco etched sample shown in Fig. 2 , as well as our Raman measurements, demonstrates that the free hole concentration nearly follows the theoretical step-functional shape and that a broad and smooth concentration gradient does not exist. Depending on the solar cell, the standard free hole concentration level within the bulk wafer region lies usually in the range of ͑ϳ5 ϫ 10 15 ͒ − ͑2 ϫ 10 16 cm −3 ͒. Concerning the determination of the free hole concentration within the bulk wafer region with the ECV method, one has to take into account the influences of the edges of the etched craters ͑with varying carrier concentrations along the edges͒ during the measurements, as they significantly contribute to the measured free hole concentration. 5 Therefore, the free hole concentration within the bulk wafer region determined by ECV always appears to be higher than the real free hole concentration level. Never- Table I .
From literature 20, 21, 27 it is known that the reciprocal symmetry parameter 1 / q is roughly proportional to the free hole concentration in silicon. Therefore, we plot the free hole concentrations that are obtained from the ECV measurements versus 1 / q and find a roughly linear correlation between the free hole concentration and the 1 / q values. This plot is shown in Fig. 5 . The obtained linear curve is used for the determination of the free hole concentration measurements with micro-Raman spectroscopy throughout this article.
The calibration of the free hole concentrations within Al-doped silicon by ECV profiling implies an uncertainty that arises due to the ECV measurement principle. ECV directly measures the free carrier concentrations but during the measurements, all dopant atoms are in the ionized state 4, 35 and therefore, the free carrier concentrations resemble the dopant atom concentrations, regardless of the dopant species. However in contrast to boron doping, aluminum atoms are assumed to be not completely ionized in silicon at room temperature due to the higher ionization energy ͑69 meV͒. Unfortunately, no experimental data about the incomplete ionization level of Al atoms in silicon are available. However, simulations 4 suggest that within the BSF relevant dopant concentration range of ͑ϳ3 ϫ 10 18 ͒ − ͑2 ϫ 10 19 ͒ cm −3 , ϳ10% -30% of Al atoms are not ionized. Instead of the ECV measurements, the Raman analysis, based on free carrier induced Fano resonances, does not change the ionization level of dopant atoms as far as the energy densities within the focused probe laser spot are not too high ͑as discussed later in this article͒. Therefore, Raman measurements directly depend on the free carrier concentrations which do not necessarily coincide with the dopant atom concentrations in case of Al-doped silicon due to incomplete ionization. In practice, the inaccuracy of the free carrier concentration measurements due to incomplete ionized Al atoms is compensated to some extent by additional boron atoms that are also contained in the Al pastes, used for the firing process of the BSF, and which are nearly completely ionized at room temperature. 4 The rather large error bars in the calibration curve shown in Fig. 5 also account for the inaccuracy of the ECV calibration measurements due to incomplete ionization of Al atoms.
IV. RESULTS AND DISCUSSION
The left image of Fig. 6 shows the light optical micrograph of a rather wrinkled interface in between the highly p-doped BSF region and the weakly doped bulk wafer region after the sample was small angle beveled and Secco etched. The right image shows the mapping of the ratio function R͑q , n͒ values determined from the experimental Raman spectra, whereas at the six measurement positions, the respective symmetry parameters q were determined by the more accurate peak fitting routines according to Eq. ͑8͒ rather than by the less accurate inversion of the experimentally determined ratio function R͑q , n͒. The obtained data are listed in Table II . The highest free hole concentration levels occur in the vicinity of a random grain boundary ͑dotted line͒. Surprisingly, in this sample region, the free hole concentration level appears rather inhomogeneous within the BSF region. The small region containing the measurement positions 2 and 5 exhibits an unusual low free hole concentration level, whereas the neighboring regions, containing positions 3, 4, and 6, respectively, exhibit the typical as well as very high free hole concentration levels ͑position 6͒. The small interface feature, visible in the light optical micrograph ͑red dotted circle͒ and which becomes visible after Secco etching, cannot be observed in the Raman mapping, although the spatial resolution of the Raman measurements is sufficient to resolve this feature. This observation shows that Raman measurements of the Fano asymmetries provide more detailed information about the shape of the BSF region, then the simple Secco etching process does. The region ͑red arrow͒, which seems to exhibit an extended doping level gradient, occurs blurred due to a slightly defocused and therefore larger laser spot. The transition from the standard low doping level within the bulk wafer ͑dark blue regions͒ to the highly p-doped regions ͑BSF͒ usually takes place within less than ϳ4 m in the Raman mappings. If we take into account that this transition elongation into the small angle beveled direction has to be divided by the stretching factor s͑␣͒, the effective transition length would lie in the range of ϳ250-700 nm, which is much less than what the ECV profiles suggest. However, we think that the dopant atom concentrations at the bulk wafer-BSF interface strictly follows the theoretical step-functional shape and that the measured gradient of the free hole concentration results from ͑1͒ the blurring effect of the focused ͑and sometimes defocused͒ laser spot and ͑2͒ from the elongation of the free hole diffusion of a few hundreds of nanometers 36 into the weakly doped bulk wafer region.
In Fig. 7 the bases of the first two order Raman peaks of silicon, measured at positions 1 ͑dotted gray͒ and 6 ͑continu-ous black͒ are shown. High p-doping ͑position 6͒ leads not only to a broadening of the higher wavenumber flank of the Raman peak ͑q positive but smaller͒ but also to a larger ⌫ ͑peak width͒ value, which manifests in an also slightly broader lower wavenumber flank of the silicon Raman peak. From the two integrated half-peak intensities I L and I R ͑see dotted vertical lines in the diagram͒, the ratio function R͑q , n͒ ͓Eq. ͑11͔͒ is determined. The continuous black curve in Fig. 7 shows one of the maximal Fano-induced peak asymmetries of all our Raman measurements. The corresponding free hole concentration level is Ͼ2 ϫ 10 19 cm −3 . In all our measurements, we never observed any pronounced antiresonances nor a heavily distorted Raman peak that would occur in case of free hole concentrations Ͼ10 20 cm −3 and the 633 nm excitation wavelength. 20, 31 In case of highly boron doped silicon, there occur two additional low intensity peaks at ϳ620 and ϳ644 cm −1 in the Raman spectrum. 37, 38 These small peaks correspond to localized vibrations due to the boron isotopes ͑B 11 at ϳ620 cm −1 and B 10 at ϳ644 cm −1 ͒ that are incorporated in the silicon lattice. As the two boron isotopes are much lighter than the surrounding silicon atoms, the corresponding local modes have higher frequencies and their peaks can be easily detected in the Raman spectrum as they are ϳ100 cm −1 away from the strong Si-Raman peak. In case of highly Aldoped silicon, no pronounced local mode due to the additional Al atoms could be detected in our measurements. A simple explanation might be that the atomic weights of Al and Si atoms differ by less than 4% from each other. The local mode produced by the additional Al atoms in the silicon crystal would therefore lie very close to the strong first FIG. 6 . ͑Color͒ The left image shows a rather wrinkled interface in between the highly p-doped BSF region and the weakly doped standard bulk wafer region. The right image shows the mapping of the ratio function R͑q , n͒ values determined from the experimental Raman spectra, whereas at the six measurement positions, the respective symmetry parameters q were determined by the more accurate peak fitting routines. The free hole concentrations given in scale bar were calculated from the R͑q , n͒-values. The highest free hole concentration level occurs in the vicinity of a random grain boundary ͑dotted line͒. order Raman peak of silicon. That is, at best a small shoulder, a few wavenumbers away from the Si-Raman peak might be visible if one chooses optimal experimental conditions ͑low temperature, high spectral resolution, etc.͒ for the measurements. As Al atoms are lighter than Si atoms, the shoulder of the Al-local mode would occur on the higher wavenumber flank of the Si-Raman peak and this flank is already broadened due to the Fano resonances, which makes the observation of the Al-local mode even more difficult. However, as the main focus of this article is not the Al-local mode in Si, we will not go into details here. The BSF region shown in the light optical micrograph and Raman mapping in Fig. 6 exhibits a rather exceptional rough and wrinkled shape. One reason for the unusual shape is that in this case, a rather large stretching factor s͑␣͒ was used, resulting in small angle beveling artifacts such as island formation and rather distorted BSF shapes. Another reason is that the region shown in Fig. 6 contains a more complex microstructure, e.g., random and twin boundaries, leading to a pronounced spike formation at the BSF-bulk wafer interface.
The Raman mapping shown in Fig. 8 represents the shape of a more typical BSF region ͑ϳ95% of all the BSF regions͒ within the investigated samples. In this case a rather small stretching factor ͓s͑␣͒ = 6.9͔ was used, avoiding the artificial island formation. Also no random or twin boundaries are present in the analyzed sample region, leading to a more homogeneous and smooth BSF shape. As in the sample region presented in Fig. 6 , the elongation of the BSF to bulk wafer is ϳ3 m, resulting from the blurring effect due to the finite size of the laser spot and the free hole diffusion into the weakly doped bulk wafer region. As there are no random grain boundaries present in this sample region, there are also no extremely thin BSF regions detectable that would correspond to the narrow free hole concentration maxima at the left edges of the ECV profile and which are probably present in the mapping shown in Fig. 6 . Therefore, the variations of the q parameter in this case are rather small ͑43-51͒, corresponding to small free hole concentration variations of ͑7.6 − 10.1͒ ϫ 10 18 cm −3 . Again, there are five measurement points ͑marked with an asterisk͒ that were analyzed in more detail. The obtained data are presented in Table III .
At this point we have to discuss two experimental peculiarities: The first arises as we measure free carrier concentrations by micro-Raman spectroscopy, where a focused laser with a high energy density within the focused spot is used to analyze the samples. In silicon, a large amount of electronhole pairs is generated by the exciting probe laser. Some articles 27, 39, 40 have already addressed the question of how the doping level induced Fano resonances are influenced and modified by the light generated free carriers. It turns out that for the experimental setup that we use ͑633 nm excitation FIG. 7 . ͑a͒ Bases of the two first order Raman peaks of silicon measured at positions 1 ͑dashed gray curve͒ and 6 ͑continuous black curve͒ shown in the Raman mapping of Fig. 6 . The two peaks are normalized and therefore the maximum intensities are the same ͑not visible in the plot͒. ͑b͒ Calculated Fano Raman peak for a hypothetical q-value of q =6 ͑very high p-doping͒. The antiresonance near the lower wavenumber flank of the peak becomes clearly visible. With the two integrated peak intensities I L and I R up to the dotted vertical lines, we define the ratio function R͑q , n͒ = I R / ͑I R + I L ͒ from which the symmetry parameter q can also be determined rather fast but with an error of ϳ Ϯ 2.
FIG. 8. ͑Color͒
Raman mapping which represents a more typical BSF region ͑ϳ95% of all BSF regions͒ within the investigated samples. In this case a rather small stretching factor ͓s͑␣͒ = 6.9͔ was used, avoiding the artificial island formation. No random or twin boundaries were present in the analyzed sample region, leading to a much more homogeneous and smooth BSF shape. As in the sample region presented in Fig. 6 , the elongation of the BSF to bulk wafer free hole concentration gradient is ϳ2-3 m, resulting from the blurring effect of the finite size of the laser spot and the free hole diffusion into the weakly doped bulk wafer region. wavelength, ϳ1 m spot diameter͒ a few tens of milliwatts of incident laser power are necessary to create a large enough free carrier plasma that would be capable of influencing the Fano-induced Raman peak asymmetry. As we use a maximum of ϳ6 mW of incident laser power, we therefore can neglect the influence of the light generated free carriers. This also becomes evident if we look at the symmetry parameters q that correspond to the peaks acquired within the weakly doped bulk wafer region of our samples. There, the values for q lie in the range of 150-300 and more, corresponding to vanishing Fano resonances in practice. Therefore, no significant influence of light generated free carriers on the Raman peak shapes can be assumed in our experiments. The second peculiarity that has to be taken into account is the occurrence of a depletion region close to the silicon sample surface after mechanical and chemical polishing. Data from literature 41, 42 show that the elongation of the surface depletion region into the sample is less than 100 nm. As the penetration depth of the 633 nm HeNe-laser light into silicon amounts to ϳ4 m and as the highly doped BSF region as well as the interface region ͑BSF-bulk wafer͒ in our cases always lie in the thicker part ͑Ͼ10 m͒ of the beveled samples, the influence of the surface depletion region on the Raman measurements can be neglected in our experiments.
V. CONCLUSIONS
A method to quantitatively determine the free hole concentration levels in the highly p-doped BSF regions within silicon solar cells was presented. The method is based on Raman spectroscopy and exploits the fact that the first order Raman peaks of silicon are distorted by Fano resonances if the investigated silicon device contains high dopant concentrations. The experimental Raman data were calibrated with free hole concentration profiles obtained from ECV measurements. The spatial resolution of the Raman mappings within the BSF regions is limited by the laser wavelength and the objectives used to focus the laser beam onto the respective sample surface. With the used experimental setup, the nominal lateral resolution was at best ϳ1 m ͑633 nm, 100ϫ objective with NA of 0.9͒. However, by using small angle beveling, we could artificially increase the lateral resolution into one direction of our samples by a factor of ϳ20, leading to an effective lateral resolution into the beveled direction of ϳ50 nm. The following Secco etching, NDIC microscopy, and Raman spectroscopic measurements revealed interesting details about the shape and the doping distribution of the BSF region on the scale of micrometer to a few tens of nanometers, e.g., spikes are observed at the BSF-wafer interface, which occur rather often at random grain boundaries and sometimes at twin boundaries. The fact that the course of the twin and random grain boundaries proceeds within the BSF region after the solidification process of the Si-Al alloy demonstrates that the regrowth of the BSF region takes place epitaxially. Secco etching and micro-Raman measurements revealed that the p-doping level at the transition from the highly p-doped BSF region to the standard doped bulk wafer exhibits a nearly step-functional shape, instead of a smooth gradient as it is suggested by the ECV measurements. This rather sharp transition occurs slightly blurred in the Raman mappings due to the finite size of the focused laser spot and the free hole diffusion into the weakly doped bulk wafer region. The Raman analysis also showed that the p-doping level can sometimes vary drastically within the BSF region. In extreme cases, the doping level can change by at least one order of magnitude on a length scale of a few micrometers. However, these strong doping level variations only occur within BSF regions that contain grain boundaries and/or the BSF-bulk wafer interface exhibits a rather wrinkled shape. Probably the different grain orientations might also influence the free carrier concentration level within the BSF region, but this aspect is still under debate and needs some further systematic analysis. In the presented experimental results, the highest p-doping concentration measured was Ͼ2 ϫ 10 19 cm −3 , a value that produces a pronounced Raman peak asymmetry but that is still too low to lead to clearly visible antiresonances and completely distorted Raman peaks. In case of the standard p-doped bulk wafer ͑Ͻ2 ϫ 10 16 cm −3 ͒, the Raman peaks become almost symmetric and the corresponding symmetry parameter q obtains values Ͼ150. In practice, this q-value and the corresponding free hole concentration were set as the onset parameters for the occurrence of Fano resonances when the 633 nm excitation wavelength is used. A crucial part of our presented analysis is the reliability of the calibration data obtained from the ECV measurements. In our work we obtained a roughly linear relationship between the reciprocal symmetry parameter 1 / q and the free hole concentration by using only a few ECV-calibration measurement data. Therefore, the errors made by determining the free hole concentrations by Raman spectroscopy are still rather large. In future, much effort will be spent in a systematic fabrication and analysis of reliable calibration samples and an extension of the quantitatively measurable p-dopant concentration range from ϳ5 ϫ 10 16 to Ͼ10 20 cm −3 . Nevertheless, we showed that micro-Raman spectroscopy, combined with small angle beveling preparation techniques, offers detailed information about the p-doping profiles, shape, and microstructure of BSF regions within silicon solar cells that presently, no other measurement technique can offer. 
APPENDIX: CALCULATION OF THE RATIO FUNCTION R"q,n…
The integrated intensity I R of the higher wavenumber part of the Raman peak, which contains the Fano resonance induced peak asymmetry ͑in case of p-doped silicon͒, is given by ͑see text for the description of the parameter͒
